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The COP9 Signalosome Inhibits p27kip1
Degradation and Impedes G1-S Phase
Progression via Deneddylation of SCF Cul1
tion) [6, 7] is believed to facilitate the polyubiquitin chain
assembly and transfer to the targets [8, 9] and is shown
to promote ubiquitination of SCF substrates including
cyclin-dependent kinase inhibitor p27kip1 (p27) [10, 11].
p27 is an inhibitor of cell proliferation whose abundance
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CSN promotes deneddylation of cullins and thereforeNew Haven, Connecticut 06520
has the potential to regulate the SCF activity and affect
the fate of the targets. Nevertheless, the csn1 and
csn5 mutants of S. pombe do not display greater turn-Summary
over of the SCF substrate Rum1 [2], even though higher
Pcu1 and Pcu3 (homologs of human Cul1 and Cul3,The COP9 signalosome (CSN) is a conserved protein
complex with homologies to the lid subcomplex of the respectively) associated ubiquitin ligase activities were
observed [2, 5]. In fact, a CSN5 reduction-of-function26S proteasome [1]. It promotes cleavage of the Nedd8
conjugate (deneddylation) from the cullin component mutant of Arabidopsis shows defect in targeted prote-
olysis of PSIAA6, a putative substrate of SCFTIR1, sug-of SCF ubiquitin ligases [2]. We provide evidence that
cullin neddylation and deneddylation is highly dy- gesting that CSN is necessary for its degradation [4]. In
mammals, overexpression of the CSN5/Jab1 causesnamic, that its equilibrium can be effectively modu-
lated by CSN, and that neddylation allows Cul1 to form p27 nuclear export and promotes its degradation [15].
CSN5/Jab1 is also thought to promote degradation oflarger protein complexes. CSN2 integrates into the
CSN complex via its C-terminal region and its N-ter- p53 tumor suppressor via phosphorylation by a CSN
associated protein kinase [16]. The function of CSN asminal half region is necessary for direct interaction
with Cul1. The polyclonal antibodies against CSN2 but a protein complex in the ubiquitin-proteasome pathway,
especially with regard to its deneddylation activity, hasnot other CSN subunits cause accumulation of neddy-
lated Cul1/Cul2 in HeLa cell extract, indicating that not been directly defined.
CSN2 is essential in cullin deneddylation. Further, CSN
inhibits ubiquitination and degradation of the cyclin-
Modulation of Cullin Neddylation Level by CSNdependent kinase inhibitor p27kip1 in vitro. Microinjec-
We purified the CSN complex from porcine spleen (Fig-tion of the CSN complex impeded the G1 cells from
ure S1A in the Supplementary Material available withentering the S phase. Moreover, anti-CSN2 antibodies
this article online) [17]. Incubation of HeLa cell extractnegate the CSN-dependent p27 stabilization and the
with the purified CSN complex led to a quantitative de-G1/S blockage, suggesting that these functions re-
cline of Nedd8-modified Cul1 (Cul1Nedd8) and Cul2Nedd8,quire the deneddylation activity. We conclude that
with a corresponding increase in the unmodified formsCSN inhibits SCF ubiquitin ligase activity in targeting
(Figure 1A). This was further confirmed by immunopre-p27 proteolysis and negatively regulates cell cycle at
cipitation of Cul1 and immunoblot analysis of Nedd8the G1 phase by promoting deneddylation of Cul1.
and Cul1 (data not shown). Thus, CSN can mediate
deneddylation of cullins in mammalian cell extracts, sim-Results and Discussion
ilar to the previously reported CSN activity on Pcu1 [2].
Using a column containing immobilized anti-CSN1 anti-The COP9 signalosome (CSN) is a multifunctional pro-
bodies, we depleted 90% of CSN complex from thetein complex consisting of eight subunits [1]. Two differ-
cell extract, as indicated by the drastic reduction ofent biochemical activities associated with CSN have
CSN8 (Figure 1B, lanes 3 and 4) compared to the mockbeen reported: the protein kinase activities [3] and a
depletion (Figure 1B, lane 2). The anti-Cul1 blot showedNedd8 deconjugation (deneddylation) activity which re-
that removal of CSN complex led to preferential accumu-moves Nedd8 from the cullin component of SCF ubiqui-
lation of Cul1Nedd8, a pattern resembling the cullin “hyper-tin E3 ligases [2]. The latter is strongly supported by the
neddylation” caused by CSN mutations [2, 4]. Thesegenetic evidence that CSN mutants of Arabidopsis and
results indicate that the steady-state neddylation levelfission yeast Schizosaccharomyces pombe preferen-
of Cul1 or the relative amount of Cul1Nedd8 against totaltially accumulate Nedd8-modified cullins, whereas only
Cul1 proteins can be drastically affected by the changea small fraction of cullin proteins are modified in wild-
in CSN concentration.type cells [1, 4, 5]. Covalent conjugation of Nedd8 (or
In an effort to identify which of the eight CSN subunitsRub1) to cullins by APP-BP1/Uba3 and Ubc12 (neddyla-
is necessary for deneddylation of cullins, we tested the
polyclonal antibodies raised against individual CSN sub-3 Correspondence: ning.wei@yale.edu
4 These authors contributed equally to this work. units for their abilities to block the activity. All of the
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Figure 1. Modulation of the Neddylation Levels of Cul1 and Cul2 by CSN
(A) Buffer or purified CSN of 0.4, 0.8, and 1.2 g was incubated with 40 g of the HeLa cell extract supplemented with ATP and ATP regeneration
system (ATP RG). Anti-Cul1 and anti-Cul2 immunoblots are shown.
(B) HeLa cytosolic cell extract (CE) prepared from five plates of 15 cm dish was depleted of 90% of CSN complex by passing through the
anti-CSN1 column [18]. Samples include the cell extracts before immunodepletion (lane 1), after mock depletion with the preimmune column
(lane 2), and two fractions after depletion of CSN (lanes 3 and 4). Anti-CSN8 blot confirmed the depletion, and the anti-Cul1 blot showed
alteration in Cul1 neddylation pattern.
(C) HeLa cell extract of 40 g was incubated in hypotonic buffer or with anti-CSN1 (1 l), anti-CSN2 (1 l), anti-CSN3 (1 l), anti-CSN5 (1 l),
anti-CSN6 (2 l), anti-CSN8 (2 l), and preimmune serum (2 l) for 15 min at 25C. The extracts were then subjected to immunoblot analysis
using the anti-Cul1 and anti-Cul2 antibodies.
(D) Gel filtration analysis. One milligram of cell extract in hypotonic buffer supplemented with ATP RG was incubated with 40 l of anti-CSN2
or preimmune serum for 1 hr at 30C. The extract was then size fractionated through a Superose 6 gel filtration column (Pharmacia). Fractions
were blotted for Cul1. Elution positions of the molecular size standard are as labeled.
antibodies tested are against full-length subunit, except neddylation alters the interaction characteristics of Cul1
to prompt the formation of larger complexes rangingfor anti-CSN1 [18]. Among them, incubation of cytosolic
or total cell extract with the anti-CSN2 antibody caused from 500 kDa and up on gel filtration columns. The
precise identity of the Cul1Nedd8-containing complexesa marked increase in the level of Cul1Nedd8 and Cul2Nedd8
at the expense of the unmodified forms (Figure 1C). remains unclear, although an enhanced interaction with
the proteasome components seems possible. CullinImmunoprecipitation/immunoblot of Cul1 following the
antibody treatment further confirmed the result (Figure neddylation may trigger its interaction with Nub1, a
Nedd8 binding protein which also interacts with the 26SS1B). Presumably, the anti-CSN2 antibodies blocked
the deneddylation activity of the endogenous CSN in proteasome [19]. Since the anti-CSN2 antibody causes
the equilibrium shift toward the formation of largerthe cell extract, while neddylation by Uba3/APP-BP1
and Ubc12 remained active. Together, these data illus- Cul1Nedd8 complexes, it is reasonable to propose that
CSN normally act to prevent this mode of Cul1 interac-trate the dynamic nature of cullin neddylation and
deneddylation cycle and indicate that its equilibrium can tions.
be effectively modulated by CSN through deneddyla-
tion. Our data also revealed that the CSN2 subunit is Interaction between Cul1 and CSN2
CSN2 was initially isolated as a thyroid hormone recep-critical in deneddylation of cullins; however, we cannot
exclude the involvement of other CSN subunits in this tor interacting protein (Trip15) [20] and was later found
as one of the most conserved subunits of CSN [3, 18].activity.
By gel filtration chromatography, we consistently It was found to interact with Cul1 in a yeast two-hybrid
assay [2, 4]. Here we set out to test CSN2-Cul1 interac-found Cul1Nedd8 in the larger molecular size fractions
compared to the unmodified form of Cul1 in HeLa cell tion in mammalian cells. Because CSN2 can readily inte-
grate into the endogenous CSN complex (Figure 2A),extract (Figure 1D) as well as in Arabidopsis extract
(data not shown). This is most evident in the anti-CSN2 immunoprecipitation of CSN2 will pull-down not only
the proteins directly bound to itself but also those boundantibody-treated sample in which the larger Cul1Nedd8-
containing complexes are the predominant forms (Fig- to other CSN subunits. Therefore, we first dissected the
domains responsible for assembly of the CSN complex.ure 1D). The size shift of the complexes is not caused
by the binding of the CSN antibodies to the SCF-CSN Flag-tagged CSN2 and its deletion fragments were ex-
pressed in 293 cells. Upon immunoprecipitation usingcomplexes, because the anti-CSN1 antibody had little
effect in Cul1 gel filtration profile (Figure 1D). Apparently, the anti-Flag antibody, we found that the C-terminal
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Prompted by direct contact of CSN2 and Cul1, we
investigated the possibility that the anti-CSN2 antibody
blocks cullin deneddylation by hindering the interaction
between CSN2 and SCF Cul1. As shown in Figure 2B, the
anti-CSN2 antibody is slightly more effective in pulling-
down the CSN complex, but the amount of Cul1 copre-
cipitated with CSN was notably less in the anti-CSN2
immunocomplex than in the anti-CSN1 immunocom-
plex. This result supports the idea that the anti-CSN2
antibody weakens CSN-SCF interaction. In addition,
anti-CSN2 antibody may also sequester an as yet un-
identified deneddylating enzyme from binding to the
complex or block a CSN2 domain required for the cata-
lytic activity.
CSN Inhibits p27kip1 Protein Degradation In Vitro
To investigate whether CSN affects SCF ubiquitin ligase
activity, we examined ubiquitin-dependent degradation
of p27, a substrate of SCFskp2 E3 ubiquitin ligase [22–24].
Using an established in vitro p27 degradation system
that is optimal in the presence of cyclin E/CDK2 [23],
we found that addition of the purified CSN complex
caused a decrease in p27 polyubiquitination (Figure 3A)
and a corresponding increase in its stability (Figure 3B)
in a CSN concentration-dependent fashion. Moreover,
the inhibitory activity on p27 degradation is heat sensi-
tive, as a 15 min incubation of CSN at 68C evidently
Figure 2. Analysis of CSN2 diminished its ability to stabilize p27 (Figure 3C). These
(A) 293 cells were transfected with Flag-CSN2 or the deletion con- results show that CSN inhibits ubiquitination and the
structs as indicated. Cell extracts were subject to immunoprecipita- subsequent proteasome degradation of p27 in vitro.tion (IP) followed by immunoblot (IB) analysis using the antibodies
To test whether the inhibition of p27 degradation isas indicated. MG132 (10 M) was added to the medium 6 hr before
due to SCF deneddylation by CSN, we used the anti-extraction, because Flag-CSN2C protein cannot accumulate other-
wise (data not shown). CSN2 antibody to induce Cul1 neddylation (Figure 1).
(B) Preimmune serum, anti-CSN1, or anti-CSN2 of 4 l each was Remarkably, pretreatment of the HeLa cell extract with
used in immunoprecipitation from 200 g of HeLa cell extract. Equal anti-CSN2 antibody stimulated p27 degradation capac-
amounts of the precipitates were blotted for Cul1 and CSN3, 5, and ity in this system (Figure 3D). Moreover, the stimulation8. The same membrane was used for Cul1 and CSN3 blots.
can be neutralized by preincubation of the antibody with
GST-CSN2 protein (Figure 3D). Again, we attribute the
210–440 amino acid (aa) fragment but not the N-terminal prodegradation effect of the antibody to its blockage
189 aa or the 276 aa fragments can pull-down the endog- of the deneddylation activity of the endogenous CSN.
enous CSN3 and CSN8 (Figure 2A). Therefore, similar These data show that CSN inhibits p27 degradation,
to the configuration the of the CSN1 subunit [21], the and it acts by deneddylation of the SCF ubiquitin ligase.
C-terminal half of CSN2 is necessary and sufficient to
allow integration of the subunit into the complex,
CSN Inhibits G1 to S Phase Progressionwhereas the N-terminal fragment does not associate
Ubiquitin-proteasome-dependent turnover of p27 is onewith the CSN complex. This conclusion is also supported
of the key mechanisms controlling its abundance [12],by our yeast two-hybrid results using the CSN2 deletion
and forced expression of p27 leads to cell cycle arrestconstructs (Figure S1C).
at G1 phase [13, 14]. The finding that CSN inhibits p27Flag-CSN2 strongly interacts with the endogenous
degradation in vitro prompted us to investigate the roleCul1 as evidenced by their reciprocal coimmunoprecipi-
of CSN in G1 to S phase transition in vivo. We microin-tation (Figure 2A). The truncated CSN2 fragments can
jected the purified CSN complex into the cells that werepull-down Cul1, but with notably lowered efficiency
synchronized at G1 phase by mitotic shake-off, andcompared to the full-length CSN2. Similarly, the anti-
asked whether the CSN-injected cells can properly pro-Cul1 antibody can coimmunoprecipitate the full-length
ceed into the S phase by monitoring bromodeoxyuridineand the CSN2 N-terminal fragments (Figure 2A, lower
(BrdU) incorporation. Purified CSN or buffer was coin-panel). Given that the N-terminal fragments of CSN2 do
jected with rabbit preimmune serum or anti-CSN anti-not associate with the CSN complex, they most likely
sera. At the time when normal HeLa cells had enteredbind to Cul1 directly through a site(s) within its the
the S phase (15 hr postreplating), we immunostainedN-terminal 189 aa region. It appears that this site in
the cells with anti-BrdU to determine the S phase DNAconjunction with a region either at the C-terminal half
synthesis (Figures 4AC and 4AF) and with anti-rabbitof CSN2 or other subunits of the complex together, as
IgG to identify the injected cells (Figures 4AB and 4AE).in Flag-CSN2, allows high-affinity interaction with en-
dogenous Cul1. As summarized in Figure 4B, comparing with the sur-
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Figure 3. CSN Inhibits p27 Degradation In
Vitro
(A) Buffer or CSN complex of 0.6, 1.5, and
2.5 g were added to the p27 degradation
system containing HeLa cytosolic extract
(CE) and cyclin E/CDK2. The ubiquitinated
p27 p27-Ub(n) is indicated.
(B) The reactions were carried out as in (A),
except that ubiquitin aldehyde (UbA) and
methylated ubiquitin (UbM) were omitted
from the reaction, allowing degradation of
ubiquitinated p27 as described in the Supple-
mentary Material.
(C) The p27 degradation system was incu-
bated with either buffer, CSN, or heat inacti-
vated (HI) CSN (68C 15 min). The reactions
were carried out as in (B).
(D) Anti-CSN2 stimulates p27 degradation.
HeLa cytosolic extracts (200 g) supple-
mented with ATP RG were preincubated with
either 6 l buffer, 2 and 4 l of either preim-
mune serum or anti-CSN2, 4 l anti-CSN2
plus 4 g GST-CSN2 (2 l), or 4 g GST-
CSN2 alone at 30C for 30 min. p27 (input)
and cyclin E/CDK2 were then added, and re-
actions were further incubated for 60 min.
See Supplementary Material for further ex-
perimental details.
rounding uninjected cells and the buffer-injected cells, from the CSN complex (Figure S1D). Taking this into
account, the p27 prodegradation effect of CSN5/Jab1microinjection of CSN clearly hindered the cells from
going into the S phase, as indicated by the reduced is possibly caused by its CSN-unassociated form or,
alternatively, by dominant-negative interference with thepercentage of cells entering S phase. The CSN-injected
cells can nonetheless enter the S phase after 24 hr, endogenous CSN complex upon its transient overex-
pression [15]. We favor the hypothesis that CSN com-perhaps owing to the limited half-life of the injected
CSN after the prolonged period in the cell. Importantly, plex and CSN5 act coordinately to regulate p27 abun-
dance in the cell. It is conceivable that substrate bindingcoinjection of the antisera against CSN2 and CSN6 or
anti-CSN2 antibody alone but not anti-CSN1 antibody by CSN5/Jab1 [27] and/or phosphorylation by CSN-
associated kinases [3] could add another level of sub-(data not shown) neutralized the effect of CSN and al-
lowed the cells to proceed into the S phase on time strate specificity and signal-responsive capacity to the
ubiquitin-proteasome system. These, combining with(Figure 4). This result ruled out the possibility that an
irrelevant substance in the CSN preparation is responsi- the pleiotropism associated with the csn mutants, may
explain why PSIAA6 degradation was found defectiveble for the delay of the cell cycle progression. These
data indicate that CSN negatively regulates G1 to S rather than more efficient in Arabidopsis csn5 partially
deficient mutant [4].phase transition, which correlates with the in vitro activ-
ity of CSN in preventing p27 degradation (Figure 3). We Genetic analysis of csn1 (caa1) and csn2 mutants of
the fission yeast has revealed an important yet unde-cannot, however, exclude other substrates that may also
contribute to the observed G1/S inhibition. fined role of CSN in the late S phase of the cell cycle
[28]. Consistent with this finding, mammalian cells ex-In this study, we took a direct approach to show that
CSN inhibits the SCF activity in targeting p27 and retards pressing CSN6 antisense-RNA arrest at G2 phase [29].
Here, through a gain-of-function approach, we revealedthe cell cycle progression at G1 phase by a mechanism
requiring Cul1 deneddylation. These results not only re- that, in addition to its positive role in S and G2 phase,
CSN also plays a negative role at G1 phase of the cellinforced the notion that neddylation represents a new
pathway in regulating the SCF activities, but also lay an cycle. The dual roles of CSN in cell cycle progression
once again highlight the pleiotropic nature of CSN.emphasis on CSN-mediated deneddylation, as opposed
to APP-BP1/Uba3 and Ubc12 driven neddylation, in dic- Clearly, proper control and coordination of the activities
of CSN will be critical in maintaining cellular homeo-tating cullin neddylation dynamics. It remains to be de-
termined which neddylation/deneddylation compo- stasis.
nents represent the key factor in response to cellular
Supplementary Materialsignaling activities.
Supplementary Material including additional methodological detailsInterestingly, transient overexpression of the CSN5/
and figures can be found online at http://images.cellpress.com/Jab1 subunit causes p27 nuclear export and its degra-
supmat/supmatin.htm.
dation [15], in contrast to the activity of the CSN com-
plex. On the other hand, mammalian CSN5/Jab1, as in
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